We use discrete, grain-level numerical simulations of a model granular assembly, made 5 of spherical balls, to investigate the influence of a small amount of an interstitial wetting 6 liquid, forming capillary bridges between adjacent particles, on two basic aspects of granular 7 material rheology: (i) the plastic response in isotropic compression, and (ii) the critical state 8 under monotonic shear strain, and its generalization to steady, inertial flow. Tensile strength 9 F 0 = πΓa, in contacts between beads of diameter a joined by a small meniscus of a liquid with 10 surface tension Γ, introduces a new force scale and a new dimensionless control parameter, 11 P * = a 2 P/F 0 , for grains of diameter a under confining stress P . Under low P * , as cohesion 12 dominates, capillary cohesion may stabilize very loose structures. Upon increasing pressure 13 P in isotropic compression, such structures gradually collapse. The resulting irreversible 14 compaction is well described by the classical linear relation between log P * and void ratio 15 in some range, until a dense structure forms which retains its stability without cohesion as 16 1
confinement dominates for large P * . In steady shear flow, with uniform velocity gradient 17γ = ∂v 1 ∂x 2 under normal stress P = σ 22 , the apparent internal friction coefficient, which we 18 define as µ * = σ 12 σ 22 , depends on P * and inertial number (reduced shear rate) I =γ m aP , 19 and so does solid fraction Φ. The material exhibits, as P * decreases, a strongly enhanced 20 resistance to shear (larger µ * ). In the quasistatic limit, for I → 0, it is roughly predicted by a V as D 0 V 1/3 (Lian et al. 1993; Willett et al. 2000; Pitois et al. 2000) .
142
The attractive force between particles separated by distance h ≤ D 0 is modeled within 143 the Maugis approximation (Maugis 1987) , appropriate for small enough meniscus volume. 144 The maximum attractive force (tensile strength) is reached for contacting particles, and 145 equal, according to this model, to F 0 = πaΓ (Γ is the liquid surface tension) independent of 146 the meniscus volume. The capillary force varies with gap h between particle surfaces as
148
(One should note that h < 0 corresponds to an elastic deflection of the particles in contact,
Than et al., revised version, July 9, 2015 and keep in mind that a nonvanishing distant force, F Cap (h) with h > 0, is only possible if the grains have been in contact and did not move apart farther than distance D 0 ever 151 since). This formula is a simpler, analytical form of the toroidal approximation with the 152 "gorge method" (Lian et al. 1993) 168 Ω l to interstitial volume Ω v , the total system volume being denoted as Ω. Writing Ω g for the 169 volume of all N solid grains in the system (such that Ω = Ω g + Ω v , S is related to meniscus 170 volume V , solid fraction Φ = Ω g /Ω = 1 − Ω v /Ω = N πa 3 6Ω and wet coordination number z (the 171 average number of liquid bonds on one grain). As the liquid volume is Ω l = zN V 2 , one has
173
In our study, we fix the value of meniscus volume V , equal to 10 −3 a 3 in all results presented 174 7 Than et al., revised version, July 9, 2015 in this paper. Such a choice does not conserve the total liquid volume (proportional to the varying coordination number z of liquid bonds) -but this is, as we could check (Khamseh et al. 2015) , quite an innocuous drawback.
177
The pendular state to which our model applies is relevant in some low (but not too 178 small) saturation range. The upper saturation limit for the pendular state corresponds to the 179 merging of the menisci pertaining to the same grain, which, considering a triangle of spherical 180 grains in mutual contact, happens as soon as the filling angle ϕ (see Fig. 1 values, one has P * = 1 for a pressure P equal to 2 kPa. While this is admittedly a rather 201 low pressure for most geotechnical applications, it might be relevant in other fields (e.g.,
202
in some chemical engineering process), and the results are also, beyond wet grain models, 203 more generally indicative of the influence of attractive forces of small range in granular 204 assemblies. Another important issue is the possible influence of the initial microstructure 205 assembled under low P * on the material properties under larger confining stresses. In the 206 following most results are expressed in terms of dimensionless control parameters.
207

ISOTROPIC ASSEMBLY AND COMPRESSION
208
We studied the important irreversible configuration changes entailed by a pressure cycle 209 starting with a low value of P * , of order 10 −2 or 10 −3 , with an initial state that cannot 210 be observed without cohesive forces. Maximum pressures are such that P * 1. Our 211 parameter choice is such that κ = 114000 for P * = 1 and κ = 5300 for P * = 100, which is 212 still high enough a value for contact deflections to be irrelevant (Roux and Chevoir 2011).
213
Consequently, our results, if expressed as dimensionless quantities functions of P * (κ being 214 large enough to be irrelevant), may apply to systems of wet spherical grains with arbitrary 215 diameter, liquid surface tension and wetting angle. curve is composed of three parts: first (regime I), in range P * ≤ 0.01, the initial structure 267 supports the pressure increase, and void ratio e hardly departs from its initial value (equal to 268 2.33). Then, in a second stage (regime II), extending up to P * 10, the system undergoes 269 a fast compression, which becomes considerably slower at high pressures (regime III). On 270 reducing P * , only the density change occurring within regime III is reversed. As apparent 271 on the second graph, Fig. 2 under isotropic pressure will be observed only if the maximum pressure the system has been 286 subjected to in the past (the "overconsolidation pressure" of soil mechanics) is exceeded.
287
This maximum pressure value appears to fully characterize the history dependence of the 288 system in isotropic compression. little as a function of both P * and I in the investigated range. Both quantities tend to depart 358 slower from their quasistatic limit for I → 0 as cohesive effects get stronger (for smaller P * ).
359
Void ratios e 0 = −1 + 1/Φ 0 in the P * -dependent critical states are compared to the 360 values e iso (P * ) obtained in direct isotropic compression (normally consolidated states) in 361 Fig. 7 . The difference e iso − e 0 is a decreasing function of P * , but remains positive, and 362 critical states are denser than isotropically compressed ones (this also applies to dry grains, 363 P * = ∞ -see the inserted subplot of Fig. 7 ). All normally consolidated isotropic states 364 should therefore be regarded as loose: they have to contract under shear before approaching 365 the critical state. Throughout the studied parameter range, stresses in the flow are dominated by force 377 contributions: 
Alternatively, one may split force F ij into its tangential and normal components, and 386 isolate, in the latter, the capillary force from the elastic one. This results in a decomposition 387 of stresses into the contribution σ Ne αβ of normal elastic forces in contacts, the one of tangential contact forces, σ T αβ , and that of capillary forces, σ cap αβ , the latter incorporating both contacts 389 and distant interactions through liquid bridges:
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To understand the large values of σ 12 observed at small P * , one may use Eq. 11, in which 392 all terms of the sum have the same sign. Distant interactions contribute at most (for small 393 P * ) 8% of the sum. Tangential forces account for about 18% of the total at P * = 0.436, 394 decreasing to 10% for P * = 10. Thus the essential contribution to shear stress is that of 395 normal contact forces, σ N,c 12 .
396
For normal stresses, it is instructive to use decomposition (12). Capillary forces are 397 attractive, and thus contribute negatively to σ 22 = P , as shown in Fig. 9 . As the contribution forces to normal stress (Fig. 9) provides a clue. One may write that the rheological effect of liquid bonds is not easily disrupted by collisions in the presence 433 of moderate inertial effects, as noticed from the distribution of their ages in the previous 434 section. 435 One may invoke the concept of effective pressure to describe the effect of capillary forces 436 on the shear resistance of the material: the attractive forces create larger repulsive elastic 437 reactions in the contact, corresponding to an effective pressure equal to (1 + β)P. (Note 438 that one ignores here the small contribution of capillary forces to shear stress). One assumes 439 then that the shear behavior of the material is identical to that of a dry material under 440 such effective normal stress σ eff 22 . This approach leads to the following prediction for the 441 P * -dependent quasistatic friction coefficient µ * 0 :
443 in which µ ∞ 0 denotes the quasistatic internal friction coefficient for dry grains, P * = ∞.
444
The performance of the simple effective pressure prediction for the P * dependence of µ * 0 445 is visualized in Fig. 11 . Although the global increase of µ * 0 is captured, it is overestimated for 446 the smallest P * values (P * = 1 and below). The relative error in the prediction of µ * 0 , using 447 the exact, measured value of β, is about 5% at P * = 10, increasing to 20% at P * = 0.436 (and 448 the value of µ * 0 for P * = 0.1, about 1.62, from the data for I ∼ 0.01 is largely overestimated, 449 at 2.7). Thus, the effective stress approach provides a rough estimate for internal friction 450 increase at small P * , but becomes inaccurate in the strong cohesion regime. It cannot be 451 exact for various reasons: while the mechanical properties are supposed to be the same once 452 effective stresses are applied to the dry material, the density is different in the dry and 453 the wet case (with Φ varying between 0.525 and 0.596 as P * grows from 0.436 to infinity); 454 capillary forces also contribute to shear stress, the force network is bound to be different, (13). Thus the value of β for reduced pressure P * = 0.436 is predicted between 471 1.9 and 2.3 (and for P * = 0.1, it should reach about 8). Relation 16 also suggests that β is 472 roughly proportional to 1/P * : (17), the Mohr-Coulomb relation is predicted to hold with the same 482 value of internal friction as in the dry case, µ * 1 = µ ∞ 0 , while macroscopic cohesion c is given
This estimate of the macroscopic cohesion in the Mohr-Coulomb sense is very similar to 486 the one obtained by Richefeu et al. (2006) , by a different route. In Fig. 11 , the prediction 487 of static friction coefficient µ * 0 as a function of 1/P * using β as deduced from (17) 10 -3 10 -2 10 -1 10 0 10 1 10 2 10 3 10 4
Void ratio, e
Reduced pressure, P * (14), with exact coefficient β; (blue) circles: same with estimated β. Dotted lines: Mohr-Coulomb models, predicted from (19) (upper line), or fitted to the data in range P * ≥ 1 (lower straight line). Inset: measured µ * 0 versus 1/P * , including data point for P * = 0.1, with Mohr-Coulomb fit to P * ≥ 1 data.
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